All relevant data are within the paper and its Supporting Information files.

Introduction {#sec001}
============

Plastics are synthetic organic polymers that are manufactured from petrochemicals and show various characteristics such as plasticity and high molecular mass. Due to their desirable properties their worldwide production has been significantly increased. Namely, the global production has increased from less than a million tons per year in 1940's \[[@pone.0183984.ref001]\] to approximately 310 million tons per year in 2014 \[[@pone.0183984.ref002]\]. Although a fraction of post-consumer production is being recovered, the overall discarded plastic mass reached 25.2 million tons in 2012 \[[@pone.0183984.ref002]\]. In recent years, the production of bio-based polymers is increasing \[[@pone.0183984.ref003]\] whereby new bioplastics are produced from renewable resources or conventional plastics are combined with bio-based components to yield novel plastics \[[@pone.0183984.ref004]\].

There exists limited knowledge about the amount and distribution of plastic litter in the environment and especially in the marine environment. Recent studies have tried to estimate the abundance and distribution patterns of floating plastics in oceans since plastic pollution has gained much attention \[[@pone.0183984.ref005]--[@pone.0183984.ref007]\]. For example, 5.25 trillion plastic debris with an average weight of \~269000 tons may float at the oceans, while the largest percentage is accumulated in the North Hemisphere \[[@pone.0183984.ref005]\]. With respect to the Mediterranean Sea, the measured concentrations and loadings of floating plastics characterize it as a highly accumulated region next to the subtropical gyres \[[@pone.0183984.ref008]\].

Higher amounts of buoyant plastics were expected in accordance with the production volumes and this underestimation is mainly attributed to the ingestion by animals and sinking to the sea floor \[[@pone.0183984.ref009]--[@pone.0183984.ref012]\]. Once plastic debris enters the oceans, it may undergo various physical, chemical and biological mechanisms that lead to their fragmentation, sedimentation and migration \[[@pone.0183984.ref013],[@pone.0183984.ref014]\]. Incorporation of plastic litter in marine trophic web as well as its negative effects on marine biota has been addressed \[[@pone.0183984.ref009],[@pone.0183984.ref013],[@pone.0183984.ref015]\]. Moreover, plastics especially polyethylene, contain organic xenobiotics and accumulate hydrophobic toxins from the surrounding environment \[[@pone.0183984.ref016]\]. Consequently, it has been suggested that plastic wastes should be characterized as hazardous in order plastic litter to be treated appropriately and thus their input volumes into nature is reduced \[[@pone.0183984.ref017]\].

Polyethylene (PE) is the most produced plastic and the decrease of its accumulation may significantly contribute towards a plastic-free wastes environment \[[@pone.0183984.ref018]\]. In Europe, the demand of polyethylene reaches approximately 30% of the plastic demand \[[@pone.0183984.ref002]\]. Degradation of this polymer can be biotic by exploiting the microorganisms combined with physical or chemical methods (abiotic mechanisms). In particular, the hypothetical degradation pathway of polyethylene requires the biofilm formation on the polymer surface and then scission and oxidation follow as a result of the synergy of abiotic and biotic mechanisms \[[@pone.0183984.ref019]\]. It is important to mention that the underlying mechanism responsible for biodegradation has not been elucidated as of yet. Few studies have investigated the microbial-mediated polyethylene degradation and demonstrated promising results until now and even fewer studies have exploited marine biota \[[@pone.0183984.ref019]--[@pone.0183984.ref021]\]. There is scarce information available concerning the kinetics of plastic mineralization in marine environment. The weight of immersed low density polyethylene pieces reduced by 1.9% while the weight of high density pieces was reduced by 1.6% annually \[[@pone.0183984.ref022]\].

Various classifications of plastics according to their size have been proposed in recent years \[[@pone.0183984.ref023]\]. The plastic pieces used in this study can be characterized as mesoplastics (2 mm- 2 cm), while smaller plastics are characterized as microplastics (\<2 mm) and plastics with size bigger than 2 cm are characterized as macroplastics \[[@pone.0183984.ref024]\]. Naturally weathered polyethylene (PE) films were collected from beaches and used for the degradation experiments since it is among the most commonly observed plastics in the marine environment \[[@pone.0183984.ref012]\]. In view of the proposition to *think globally and act locally*, a two-phase microcosm biodegradation experiment was performed under simulated marine conditions in order to explore marine bacteria capable to degrade plastic debris. With the aim to search for an efficient, polyethylene-degrading community, the indigenous pelagic community alone and bioaugmented with strains competent to grow in medium with LLDPE (linear low density polyethylene) as the sole carbon source were investigated concerning their ability to colonize PE films, induce damages on the polymer's surface and measurable weight loss. In the second phase the efficiency of the tailored biofilm consortia (indigenous and bioaugmented) was assessed in degrading naturally weathered PE films and was compared with the results from the first phase. The objective of this phase was to elucidate the potential ability of acclimated communities to mineralize weathered PE pieces under simulated marine conditions. The succession of biofilm community on PE surfaces was monitored in order to identify the successful colonizers.

Materials and methods {#sec002}
=====================

Samples collection and preparation {#sec003}
----------------------------------

Naturally weathered PE plastics were collected from two coastal sites in Northern Crete; Agios Onoufrios (coordinates: 35.549128, 24.061855) and Kalathas (coordinates: 35.554538, 24.085120), both in Chania, Greece. Permission was given by Mr. Emmanuel Vegliris, Environment Dept, Region of Crete, Chania Office. The identification of the plastics was performed according to the polymers identification symbols scheme, a triangle of three \"chasing arrows\", which encloses a number giving the plastic type. The plastics pieces with the numbers 2 that corresponds to HDPE (high density polyethylene) and 4 that corresponds to LDPE (low density polyethylene) were collected while those with no clear identification were not used. Seawater was collected from Agios Onoufrios and filtered through a 200 μm mesh \[[@pone.0183984.ref025]\], in order to remove the zooplanktonic organisms and stored at 4°C.

The weathered plastics were cleaned using water and soap and were disinfected with 70% ethanol solution overnight. Next, they were dried at 50°C for 24h. Each plastic item was cut in many small pieces (approx. surface area: 1 cm^2^), weighed and strung from a fishing line. LDPE and HDPE pieces were put in the same fishing line. The weight of these flakes was approximately 15 mg. Each string of fishing line held 5 pieces of plastic and was assigned a number from 1 to 6, representing the month when sampling should occur. A combination of the string number with the position of each piece of plastic along the nylon string enabled the unique identification of each item ([Fig 1](#pone.0183984.g001){ref-type="fig"}).

![Experimental design.\
Schematic presentation of A) the experimental sequence; B) incubation and measurements of plastic properties and the microbial community, C) Sample preparation steps for setting up the strings with the plastic pieces, D) growth vessel with labelled strings with weathered plastic pieces of size 1 cm^2^ and biofilm development on plastic pieces.](pone.0183984.g001){#pone.0183984.g001}

Bacterial strains {#sec004}
-----------------

Bacterial isolates belonging to the genera *Lysinibacillus* and *Salinibacterium* were provided from Prof. Corvini's lab (University of Applied Sciences and Arts, Switzerland). The strains (*Lysinibacillus* sp. and *Salinibacterium* sp.) originated from environmental samples collected either from plastic samples at Hooge Maey (Antwerp, Belgium) or surface water near Nordnes (Bergen, Norway) respectively. After successive enrichment cultures, they were found able to grow in mineral medium \[[@pone.0183984.ref026]\] supplemented with sterilized virgin linear LDPE (LLDPE) in powder form and 28 g L^-1^ NaCl to mimic seawater conditions.

Individual strains were incubated overnight in Standard I nutrient broth (7.8 g peptone from meat, 7.8 g peptone from casein, 2.8 g yeast extract, 5.6 g NaCl and 1 g glucose per 1000 mL distilled water) at 28°C under continuous shaking (120 rpm). When the OD~600~ reached 1.7 for *Lysinibacillus* sp. and 1.0 for *Salinibacterium* sp. the bacteria were harvested and washed three times with sterilized NaCl solution (8.5 g L^-1^).

Experimental design {#sec005}
-------------------

Biodegradation tests were performed in triplicates in pre-sterilized beakers ([Fig 1](#pone.0183984.g001){ref-type="fig"}). In phase I, the beakers contained 200 mL of the enriched filtered saline water (C:N:P ratio of 100:10:1) with the indigenous marine microbial community. Six strings with the sterile plastics flakes were added as the sole carbon source and one of the two treatments was bioaugmented by the LLDPE competent isolates (initial concentration: 1x10^8^ CFU mL^-1^). Namely, two different treatments were created: INDG and BIOG. The "indigenous" or "INDG" treatment corresponded to polyethylene pieces in seawater containing only the indigenous microorganisms whereas the "bioaugmented" or "BIOG" treatment corresponded to seawater with the indigenous population supplemented with *Lysinibacillus* sp. and *Salinibacterium* sp. Furthermore, two beakers containing 200 mL of sterile saline water and the pre-sterilized plastics serving as abiotic control were also monitored over time in order to determine the extent of abiotic degradation.

The beakers were incubated at 25°C on a stirring table at 120 rpm in darkness, and the whole experiment lasted 6 months. Sampling occurred at the end of each month by permanently removing one fishing line at a time from the microcosms (i.e., the three replicate microcosms were sampled at every time point, with each microcosm containing five plastic pieces, totalling 15 PE flakes). At the end of the biodegradation test of phase I, the biofilm communities that adhered to the plastic pieces were harvested by scraping the polymer surfaces with buffer solution and stored in glycerol solution at -80°C.

In phase II, the whole experiment was repeated using the acclimated biofilm communities (BIOG and INDG) as inoculants in order to quantify any potential enhancement in the degradation weathered PE samples by the acclimated communities.

Development of a consortium {#sec006}
---------------------------

The acclimated biofilm communities were cultured in Standard I nutrient broth until the late log phase (the growth curves of each microbial community were previously performed by measuring the absorbance and cell numbers at same time intervals). They were further inoculated (initial concentration: 1x10^8^ CFU mL^-1^) in the beakers with enriched saline water and plastic pieces as the sole carbon source in the beginning of the biodegradation tests of phase II.

Weight loss measurements {#sec007}
------------------------

The measure of weight loss is a quick method to estimate the biodegradation of polymers assuming no abiotic processes take place that would cause weight reduction. Every plastic piece attached to the strings of the fishing line was washed off in order to remove the biofilm and then dried at 40°C for 3 days at each sampling point. Next, the flakes were weighted and the percentile weight loss from the original measurements (weathered plastic pieces used at the beginning of the bioaugmentation experiment) was determined in a 6-digit precision balance.

Scanning electron microscopy (SEM) {#sec008}
----------------------------------

Both non-treated and microbially treated plastic pieces were subjected to SEM analysis in order to observe potential bio-erosion on the surface of the polymers pieces as well as biofilm formation on the latter pieces. The plastic flakes were washed twice with 2% (v/v) aqueous sodium dodecyl sulphate solution for 30 minutes under mild shaking and then with distilled water. Immersion in 70% ethanol solution for 20 minutes was followed and then the samples were air-dried overnight. In order to observe the developed biofilm on the surface of the polyethylene pieces, the removed plastic pieces were washed with 0.1 M Phosphate Buffer (pH 7.2) for 20 minutes and fixed with 2% (v/v) formaldehyde for 2 hours under shaking. Subsequently, they were dehydrated by immersion into a graded series of ethanol solutions, namely, 25% ethanol for 30 minutes, 50% ethanol for 30 minutes, 75% ethanol for 30 minutes and 90% ethanol for 30 minutes. The samples were cut into small pieces, coated with gold and analysed under scanning electron microscope.

Estimation of microbial growth of free and attached cells {#sec009}
---------------------------------------------------------

During the biodegradation test of phase I, samples were taken from the water (aqueous phase) and from the attached biofilm by scraping the polymer's surface at the end of the last sampling, while during phase II, samples were taken every month. Next, they were serially diluted and were spread on agar plates with Standard I medium. After 7 days of incubation at 25°C, the number of colonies was recorded and the CFUs per mL seawater for the free-living cells and per cm^2^ for the attached living cells were determined. The morphology of the colonies grown on the agar plates was compared to the morphology of the inoculated strains in order to verify their survival at the end of the experiment.

Rheology measurements {#sec010}
---------------------

The samples were shaped into discotic specimens at room temperature using a home-made vacuum mold along with a mechanical press (with applied pressure of 0.3 tons) and then placed on the rheometer at 165°C \[[@pone.0183984.ref027]\]. We used a stress-controlled rheometer MCR702 (Anton Paar, Austria). The specimen was placed between two stainless steel parallel plates of diameter 8 mm and gap about 0.7 mm. Temperature control was achieved by means of a hybrid temperature control system CTD180 which has intermediate characteristics between a Peltier cell and a convection oven. Nitrogen atmosphere was used for all the tests in order to reduce the risk of sample degradation. The measurement protocol consisted of three steps: (i) equilibration and stability of the samples was monitored by running frequency sweep tests in the same conditions at different times (starting from 20 min after loading, up to 1 hour) and checking for the overlap of the dynamic moduli (ii) dynamic strain sweeps at 100 rad/s and varying strain amplitude from 0.1% to 10% were carried out in order to detect the limits of linear viscoelastic response; an amplitude of 5% was found appropriate for all tests. (iii) dynamic frequency sweeps in the range from 300 to 0.1 rad/s were performed in order to probe the linear viscoelastic response. The interpretation of the movement of the intersection point is shown in [S1 Fig](#pone.0183984.s001){ref-type="supplementary-material"}.

FTIR {#sec011}
----

Attenuated total reflectance---Fourier transform infrared spectroscopy (FTIR) was performed for the detection of the functional groups on the surface of the samples. A Frontier FT-IR spectrometer (PerkinElmer, Waltham, Massachusetts, USA) was used and the spectra were obtained and processed using PerkinElmer's Spectrum software. Scan resolution was set at 4cm^-1^ for absorbance values ranging between 4000cm^-1^ and 650cm^-1^. Background scans for the reflectance of the surrounding atmosphere were performed before each sample scan and the sample's peak heights were obtained by performing a baseline correction, subtracting the background spectrum from the sample spectrums. The percentage of crystallinity was calculated based on method suggested by Zerbi et al. \[[@pone.0183984.ref028]\]. $$\%\text{~Crystallinity } = \,\left( {1~ - ~\frac{1 - \left( \frac{I_{a}}{1.233I_{b}} \right)}{1 + \left( \frac{I_{a}}{I_{b}} \right)}} \right)\ 100\%$$ where *I*~*a*~ and *I*~*b*~ are the absorbance values determined from the bands at 730cm^-1^ and 720cm^-1^, respectively.

DNA extraction and ARISA PCR {#sec012}
----------------------------

DNA was isolated from the collected seawater and biofilm on the surface of at least three polymer pieces belonged to the same replicate of each treatment, pooled and eluted in Tris-EDTA (TE) buffer. During phase I, samples were taken only at the end of the experiment while on phase II samples were collected to monitor the succession of the adhered bacterial community. DNA extraction was performed according to the CTAB (Hexadecyltrimethylammonium bromide) protocol for the extraction of bacterial genomic DNA \[[@pone.0183984.ref029]\].

ARISA (Automated rRNA intergenic spacer analysis) PCR was performed in order to estimate the bacterial diversity among the different samples. The primers ITSF (`5′-GTCGTAACAAGGTAGCCGTA-3′`) and ITSReub (`5′-GCCAAGGCATCCACC-3′`) were used for the amplification of the ITS1 region in the rRNA operon plus ca. 282 bases of the 16S and 23S rRNA \[[@pone.0183984.ref029]\]. A mixture of 0.2 mM of each of the four deoxynucleoside triphosphates, 2 mM MgCl2, 0.2μM each of the forward and reverse primers and 1 U of High Fidelity Platinum Taq DNA polymerase per 25μL was used to perform the PCR. The cycling conditions of the PCR were: one denaturation phase at 94°C for 3 min, followed by 30 phases at 94°C for 45 s, 56°C for 45 s, 72°C for 2 min, and a final extension at 72°C for 7 min.

The gel-dye mix, marker, PCR products and ladder were loaded to the DNA chip according to the manufacture's protocol (Agilent DNA 1000 Assay Protocol), next the chip was inserted to the Agilent 2100 Bioanalyzer (Agilent Technologies, Diegem, Belgium) and the chip run was executed.

Metagenomic analysis based on 16S rDNA {#sec013}
--------------------------------------

The DNA concentration was determined using the Quantifluor dsDNA assay (Promega Corporation, USA). The concentration of the amplicons were measured and adjust to an equimolar amount of 4nM before sequencing. Next generation sequencing of 16S rDNA genes amplified from DNA extractions were performed according to Illumina's application note (part \# 15044223, Illumina, San Diego, USA). Primers for sequencing were 515F (`5′-GTG CCA GCM GCC GCG GTA A-3′`) and 806R (`5′-GGA CTA CHV GGG TWT CTA AT-3′`). PCR steps were performed using the KAPA HiFi HotStart kit (Kapa Biosystems, Wilmington, USA). The thermophaser program was the following: 95°C for 3 minutes, followed by 25 phases of 95°C for 30 seconds, 55°C for 30 seconds and 72°C for 30 seconds, respectively, with a final elongation step at 72°C for 5 minutes. The completed DNA libraries were run on the MiSeq Illumina, using a MiSeq Reagent Kit v3 (600-phase). The sequences were deposited in BioProject (PRJNA378706), the Submission ID is SUB2440072.

Quantification of the *alkB* gene {#sec014}
---------------------------------

The abundance of the *alkB* gene within acclimated biofilm communities was monitored via real-time PCR using a StepOne Plus System (Applied Biosystems Inc., Foster City, CA, USA). The primer pair used for quantification was *alkB*-f (`5′- AAYACIGCICAYGARCTIGGICAYAA -3′`) and *alkB*-r (`5′ -GCRTGRTGRTCIGARTGICGYTG-3′`) \[[@pone.0183984.ref030]\] while the expected amplicon size was in the range of 550 bp. qPCR master mix and conditions are performed as previously described \[[@pone.0183984.ref031]\]. All samples and standards were amplified in triplicates. For the standard curve, six-fold serial dilution of the *alkB* gene isolated from E8 consortium \[[@pone.0183984.ref032]\] was performed. The amplification efficiency and coefficient (r^2^) was 105% and 0.98 respectively. Melting-curve and a 1.5% agarose gel were used for assuring the specificity of the products.

Data analysis {#sec015}
-------------

Statistical analysis was carried out with the automatic R software package \[[@pone.0183984.ref033]\]. Two way ANOVA was applied to the data following normal distribution in order to evaluate the effect of month or treatment to the different studied variables.

The analysis of ARISA fragment was performed with the Bioanalyzer software. Only peaks with sizes ranging between 100 and 1500 bp and a minimum peak height of 150 fluorescence units were considered for further analysis. The binning of ARISA fragments was performed according to Ramette \[[@pone.0183984.ref034]\], the automatic R \[[@pone.0183984.ref033]\] binning script was applied to replicates of the same treatment in order to find the window size (WS) and the shift value (Sh), and a WS of 1 bp was selected for the OTU binning algorithm for ARISA profiles for the planktonic and the attached cells. Next, the analysis of the OTU table was performed by Primer6 software and was analysed using the Bray--Curtis similarity method. A non-metric multidimensional scaling (nMDS) plot was used to describe the root community structure while the degree of similarity was explored with the permutation-based hypothesis statistical test ANOSIM. The Shannon--Wiener diversity index among the PE communities was calculated \[[@pone.0183984.ref035]\].

Next generation sequencing data analysis was performed on fastq files. After assembly of the paired-end reads, adapter trimming with a threshold of 0.9 and keeping amplicons with a length 605bp using PANDAseq version 2.8 \[[@pone.0183984.ref036]\], data were analyzed using the QIIME package, version 1.6.1 \[[@pone.0183984.ref037]\]. The default minimum quality threshold of 25 was used. The joined sequences were filtered and clustered *de novo* using the Greengenes database updated in May, 2013 (<http://greengenes.lbl.gov>) with a 97% identity threshold. Rarefied OTU tables were generated and all samples were subsampled to 4605 sequences per sample. Subsequently, 2d principal component analysis plots were prepared, using R \[[@pone.0183984.ref033]\] (package "phyloseq" \[[@pone.0183984.ref038]\]) while the ANOSIM statistical test was performed in QIIME. The linear discriminant analysis (LDA) effect size (LEfSe) \[[@pone.0183984.ref039]\] was performed to identify the biomarker species between the initial and acclimated biofilm communities.

Results {#sec016}
=======

Microbial growth in microcosms {#sec017}
------------------------------

A microcosm experiment was conducted in two phases in order to evaluate the ability of two different marine consortia (the non-acclimated and acclimated marine community) to degrade weathered PE films ([Fig 1D](#pone.0183984.g001){ref-type="fig"}). Seawater was selected as the aqueous medium in order to simulate the pelagic zone and polyethylene was the only carbon source to allow the growth of only potential PE consumers.

Successful adaptation of the microorganisms on weathered PE surface would lead to the development of a viable community. During phase I, the BIOG consortium developed a visible biofilm on the weathered PE flakes after 4 months of incubation ([Fig 1D](#pone.0183984.g001){ref-type="fig"}) while biofilm formation was merely detected by naked eye on the PE samples in the indigenous treatment until the end of this phase. At that time, the biofilm populations of both treatments were harvested and cultured in order to verify that there were still active cells. Similar abundances were observed (bioaugmented: 3.7×10^4^ CFU cm^-2^; indigenous: 4×10^4^ CFU cm^-2^), indicating that the bacteria were able to establish population on the weathered plastic surface while using polyethylene as the sole carbon source. With respect to planktonic cells, the cell density was approximately 4 ×10^4^ CFU mL^-1^ in the bioaugmented beakers and 4.5×10^4^ CFU mL^-1^ in indigenous treatment. Taking into account that a population of 10^8^ cells mL^-1^ was added in the inoculated microcosms, a decrease in their abundance was noticed.

Similar response of the BIOG planktonic cells was noticed during phase II of the experiment. More specifically, the abundances of BIOG free cells decreased from month 1 to month 6 (from 10^9^ CFU mL^-1^ to 10^3^ CFU mL^-1^ respectively) ([Fig 2A](#pone.0183984.g002){ref-type="fig"}). The concentration of the INDG cells increased until month 3, when they exhibited the highest concentration (10^10^ CFU mL^-1^). Afterwards, they decreased and 10^2^ CFU mL^-1^ were counted in the water samples of month 6. Two way ANOVA revealed significant effect of the factor month (F:122, p\< 2×10^−16^) but no significant effect due to different treatment on the concentration of the cells.

![Cell densities.\
A) Abundances of free cells in the different treatments during phase II and B) abundances of the attached cells on the PE pieces during phase II.](pone.0183984.g002){#pone.0183984.g002}

It was demonstrated that both acclimated consortia were able to attach and colonize the weathered polymers' surface faster in comparison to the non-acclimated ones. When they were incubated for two months, visible biofilm was detected on PE films in all treatments. Considering biodegradation of polyethylene as a slow procedure, the concentration of live biofilm cells was monitored to ensure metabolic activity during the experiment. As seen in [Fig 2B](#pone.0183984.g002){ref-type="fig"}, the bacteria were able to proliferate throughout the experiment. Two way ANOVA revealed significant effect of the month (F:6.9, p = 0.01) but no significant effect due to the different treatment on the concentration of the attached cells. However, the two different consortia displayed variations concerning the colonization efficiency and biofilm development. The BIOG cells demonstrated higher ability to attach to the weathered polymers' surface compared to the indigenous community, since 10^9^ CFU cm^-2^ were enumerated from this treatment after one month incubation and 10^5^ CFU cm^-2^ from indigenous beakers. Interestingly, the bioaugmented biofilm population decreased until month 3, then it increased until month 5 and decreased again. At month 1 and 5, this population exhibited the maximum concentration of 10^9^ CFU cm^-2^. The indigenous biofilm community increased until month 3 to 10^9^ CFU cm^-2^, during month 4 and 5 remained stable and then it decreased to 10^4^ CFU cm^-2^.

Weight reduction due to biodegradation {#sec018}
--------------------------------------

In this experiment, the surface of all the plastic pieces was 1 cm^2^, since the weight reduction is proportional to the surface of polymer. The percentage of the weight reduction of weathered PE films owing to biodegradation is presented in [Fig 3A](#pone.0183984.g003){ref-type="fig"}. In phase I, after six months incubation, both non acclimated consortia decreased the PE films by a small fraction which corresponded to approximately 0.4% weight loss for bioaugmented treatment and 0.3% weight loss for the indigenous treatment.

![Weight reduction of PE films.\
A) Percentage of weight reduction by the different marine consortia (A: phase I, B: phase II); B) Percentage of weight reduction of the different polyethylene pieces during the phase II by both treatments.](pone.0183984.g003){#pone.0183984.g003}

A significant boost in the weight reduction was detected when the acclimated consortia were utilized. After one month incubation, the bioaugmented community decreased already 2.6% the weight of weathered PE samples while indigenous biofilm was responsible for 0.6% weight loss. At this phase, significant effects on weight of PE films were observed due to treatment (F:815, p\< 2×10^−16^) and due to month (F:5, p = 0.026), while no interaction effect was detected between the two factors. The BIOG biofilm bacteria decreased the weight of weathered PE samples along time and after 6 months 19% of the mass was lost. A similar pattern was observed for the indigenous treatment, whereas this community reduced 4.2% of the PE weight after 6 months incubation. It is important to mention that no weight reduction was recorded when the sterile plastic pieces (abiotic control) were incubated with sterile saline water for a period of six months.

When the weight loss of weathered HDPE and LDPE flakes during phase II were compared, significant differences were revealed due to treatment (F: 74, p = 5×10^−5^) and due to month (F: 20, p = 1.2×10^−5^). Moreover, significant interaction effects (F: 9.8, p = 0.002) were noticed between the two factors. The two consortia reduced significantly the weight of LDPE pieces in comparison to the of HDPE pieces at month 2 and after month 4 ([Fig 3B](#pone.0183984.g003){ref-type="fig"}). More specifically, they decreased more than 15% the weight of LDPE flakes after month 4, while the weight loss of HDPE flakes reached 3.6% at month 4, 4.5% at month 5 and 5.2% at month 6.

SEM analysis {#sec019}
------------

The adhesion of microorganisms on the plastic surface and the biofilm formation was elucidated with scanning electron microscopy ([Fig 4A & 4B](#pone.0183984.g004){ref-type="fig"}). At the end of phase I, the extent of colonization on the polymer surfaces was visually observed and a dense layer covering the plastic surfaces was observed. In order to monitor the microbial attachment, samples were taken every month during phase II. It was demonstrated that both consortia were able to adhere onto the PE pieces and established a population already from the first month, while no signs of attached bacteria/developed matrix were noticed on sterile PE films exposed to abiotic conditions ([S2 Fig](#pone.0183984.s002){ref-type="supplementary-material"}). After 6 months incubation, the plastic surfaces were also fully covered by a thick multi-layer matrix of material.

![SEM analysis.\
SEM images of biofilm formed by the marine microbes on polyethylene: (A) at the end of first month, (B) at the end of the phase II and of the surface of the weathered pieces before (C) and after exposure to microbial treatment (D) & (E) at the end of phase II.](pone.0183984.g004){#pone.0183984.g004}

This technique was also used in order to verify any potential erosion on the surface due to microbial activity. The surface topography of non-treated samples and samples subjected to the consortia was compared and defects were detected on the treated samples. As seen in [Fig 4C](#pone.0183984.g004){ref-type="fig"}, the weathered PE films had a wavy appearance with some small cracks probably because they were exposed to UV radiation and temperature changes before they were collected. At the end of both phases, it seems that the waves disappeared and many fissures and small holes were created on the PE surface ([Fig 4D & 4E](#pone.0183984.g004){ref-type="fig"}).

Rheological behavior of weathered and microbial-treated samples {#sec020}
---------------------------------------------------------------

With the aid of recent tube-model theories it is possible to determine the molecular weight distribution of polymers with rheological measurements \[[@pone.0183984.ref040]\]. For the present samples we restrict the discussion on the qualitative features of the measured viscoelastic spectra. The latter are represented in the form of plots of G΄and loss G΄΄ against angular frequency (ω) ([Fig 5](#pone.0183984.g005){ref-type="fig"}). In case of weathered LDPE treated with the BIOG consortia, it was demonstrated that the crossover point marking the onset of terminal regime (i.e., flow of the polymer) moved below (reduced modulus) within 6 months of incubation in comparison to the cross over point of the naturally weathered LDPE. A similar pattern was obtained for the weathered HDPE treated with the indigenous consortium. A shift to lower cross over point was noticed, although this shift occurred to a lesser extent. This is consistent with the lower weight reduction observed for this treatment, since 19% weight reduction was accomplished by the BIOG consortium in comparison to 4.2% accomplished by the indigenous community. These rheological measurements suggest that the molar mass distribution of the microbially-treated polymers has been likely broadened implying a shorter and less branched molecule. Moreover, the treated polymers have a marginally lower average molar mass, indicating a biodegradation effect as opposed to fragmentation due to abiotic stresses.

![Rheological analysis.\
A) Master curves of storage (G΄) and loss (G΄΄) moduli as a function of frequency corresponding to the BIOG treatments of phase II, B) Master curves of storage (G΄) and loss (G΄΄) moduli as a function of frequency corresponding to the INDG treatments of phase II and C) Master curves of storage (G΄) and loss (G΄΄) moduli as a function of frequency corresponding to the weathered plastics.](pone.0183984.g005){#pone.0183984.g005}

FTIR {#sec021}
----

Changes of the functional groups on surface of polyethylene films were monitored with FTIR spectroscopy ([Fig 6](#pone.0183984.g006){ref-type="fig"} and [S3 Fig](#pone.0183984.s003){ref-type="supplementary-material"}) throughout the experimental period. The characteristic PE bands at 2,919, 2,850 cm^-1^ (-CH), 1,460 cm^−1^ and 1,470 cm^−1^ (-CH) and approximately 720--730 cm^−1^ (-CH) remained stable in all samples while various bands appeared at weathered or microbially treated films. Presence of--OH band which is in the range of 3600--3200 cm^−1^ can be detected in weathered LDPE films and microbially treated HDPE pieces. Similarly, the absorption peaks at approximately 1650 cm^−1^, 1550 cm^−1^, 1280 cm^−1^ and 1090 cm^−1^ represent double bonds and have appeared in the abovementioned samples. Interestingly, the spectra of microbially treated films at the end of experimental period are similar to the spectra of the virgin polymers. Moreover, crystallinity increased in LDPE weathered films in comparison to virgin ones and progressively decreased in the microbially treated films. With respect to HDPE pieces, crystallinity decreased in weathered films, increased in films at month 1 and again progressively decreased.

![FTIR analysis.\
Spectra of virgin LDPE, naturally weathered LDPE, LDPE films exposed to BIOG microbial community for 1 month, LDPE films exposed to BIOG microbial community for 3 months and LDPE exposed to BIOG microbial community for 5 months.](pone.0183984.g006){#pone.0183984.g006}

PE-associated communities {#sec022}
-------------------------

ARISA analysis was performed in the biofilm samples collected at the end of the phase I and during phase II, in order to monitor the succession of bacterial communities. The ARISA results corresponded to the BIOG microbial community (B) after one month incubation were excluded from statistical analysis due to low fluorescence signals. As seen in [Fig 7A](#pone.0183984.g007){ref-type="fig"}, the distribution of bacterial phylotypes changed with respect to time (ANOSIM R: 0.101, p\< 0.05). It seems that the communities of the first two months were more similar to the initial while the biofilm structure of the month 5 was the most discrete. When the initial consortia were the selecting factor, no significant differences were detected among the communities adhered to the PE at various time intervals.

![ARISA results.\
A) Non-metric multidimensional scaling (nMDS) ordination based on Bray--Curtis similarities from ARISA fingerprints of marine biofilm communities on the polyethylene pieces during the experiment (phase II), B) Shannon--Wiener diversity index among the different PE biofilm communities.](pone.0183984.g007){#pone.0183984.g007}

When comparing the diversities ([Fig 7B](#pone.0183984.g007){ref-type="fig"}), no significant effects were exhibited due to months of cultivation (F: 0.8, p = 0.39) or due to treatment (F: 0.57, p = 0.47). Moreover, no significant interaction effect was detected between the two factors. The indigenous assemblages tend to be less diverse along time while the diversity of bioaugmented community increased until the month 2 and then reduced.

Next to ARISA analysis, samples from the seawater used as the aqueous media as well as from the biofilm that was developed at the end of the two phases were sequenced with next generation sequencing techniques (16S rRNA gene sequencing using the MiSeq platform). The analysis of the community composition revealed that the phylum Proteobacteria dominates the planktonic and biofilm communities ([Fig 8A](#pone.0183984.g008){ref-type="fig"}), since it accounts for more than 50% of the read numbers of every community tested. Phyla Bacteroidetes and Actinobacteria were also abundant. Moreover, the relative abundance of p. Bacteroidetes was higher in samples collected from the water column and from the biofilm samples of phase I over the p. Actinobacteria while the opposite occurs in biofilm samples collected at the end of phase II. With respect to classes, Betaproteobacteria (36%) were most abundant in the planktonic assemblages while Alphaproteobacteria (\~30%) and Gamma-proteobacteria (\~28%) dominate most of the biofilm samples ([Fig 8B](#pone.0183984.g008){ref-type="fig"}).

![Microbial communities.\
Community composition of major (A) bacterial phyla and classes (B) of the biofilm communities, (C) PCoA plot of the PE adhered communities and (D) *alkB* gene copy numbers in biofilm communities.](pone.0183984.g008){#pone.0183984.g008}

The PCoA analysis using the unweighted UniFrac distance similarity metrics revealed that the factor group does not have a significant effect on the community structures (p\> 0.05) ([Fig 8C](#pone.0183984.g008){ref-type="fig"}), suggesting that there are not significant differences between the bioaugmented and indigenous marine community compositions. Moreover, the inoculated strains were not detected in the biofilm communities harvested already at the end of the phase I, indicating that they could not dominate over the indigenous marine species or even survive. Based on these results, we infer that both acclimated biofilm communities are comprised of indigenous marine species. Moreover, the factor month significantly differentiates the bacterial assemblages (ANOSIM R:0.3, p\< 0.05).

The abundance of *alkB* gene in acclimated adhered communities was monitored during phase II ([Fig 8D](#pone.0183984.g008){ref-type="fig"}). As revealed by two-way ANOVA, significant effect on the abundance of this gene was detected due to treatment (F: 21, p = 3×10^−5^) as well as due to month (F: 78, p = 6×10^−12^) while no interactive effects were observed. It seems that *alkB* exhibits higher concentration in bioaugmented communities in comparison to the indigenous ones. The gene was not detected in any community at the end of first month, while this was also the case for indigenous communities at the end of the second month. The highest abundance of *alkB* was measured at month 4 and 5 in bioaugmented and indigenous communities respectively.

The Linear discriminant analysis (LDA) effect size (LEfSe) revealed the enriched OTUs in the acclimated biofilm communities. The abundance of bacteria affiliated with the genera *Pseudonocardia* and *Bacillus* was significantly increased in both well-developed PE associated assemblages ([Fig 9A & 9B](#pone.0183984.g009){ref-type="fig"}). The discriminant OTUs in final bioaugmented biofilm community were also assigned to the genera *Cellulosimicrobium* and *Ochrobactrum*. The abundances of taxa increased in the acclimated biofilm communities are presented in the [S4 Fig](#pone.0183984.s004){ref-type="supplementary-material"}.

![Biomarkers.\
Biofilm biomarkers of the initial consortium and the final developed communities. A) LEfSe was used to validate the statistical significance and the effect size of the differential abundances of taxa of INDG community (Kruskal-Wallis and Wilcoxon rank-sum p\<0.05 and LDA score \>4), B) LEfSe was used to validate the statistical significance and the effect size of the differential abundances of taxa of BIOG community (Kruskal-Wallis and Wilcoxon rank-sum p\<0.05 and LDA score \>3).](pone.0183984.g009){#pone.0183984.g009}

Discussion {#sec023}
==========

Although polyethylene is considered non-biodegradable, studies have shown that weathering by exposure to photo-oxidation or thermal oxidation favor microbial attachment and degradation \[[@pone.0183984.ref041],[@pone.0183984.ref042]\]. This process leads to carbonyl residues that can be used as carbon source by microorganisms. Besides thermal or light degradation, the abiotic pre-treatment also involves the mechanical and chemical impact of various factors on polymers \[[@pone.0183984.ref043]\].

In this context, naturally weathered PE pieces were collected from various beaches in Crete. A two-phase microcosm experiment was further conducted in order to evaluate the ability of different consortia to degrade polyethylene in the marine environment. During the phase I, the bioaugmented and indigenous marine communities were incubated with weathered PE pieces for 6 months. Since the biofilm formation is a prerequisite in polymer biodegradation process, only the viable biofilm cells were harvested and were further inoculated with PE pieces again for 6 months (phase II). It was demonstrated that biofilm cells possess structural and physiological characteristics that offer them high chances for adaption to LDPE surfaces in comparison to the planktonic cells \[[@pone.0183984.ref044]\].

The bacteria of both treatments were able to survive and thrive using weathered polyethylene as a sole carbon source. High numbers of biofilm cells were enumerated at the end of the first month, the population tended to increase until it reached a plateau and then decreased. The abundance of free cells decreased through time, but a population was maintained despite the carbon starvation. It can be hypothesized that the mature biofilms release dispersal cells to the water column during the experiment \[[@pone.0183984.ref045]\].

The polymer served not only as the sole carbon source but also as a substrate, underlying that the hydrophobicity of the planktonic consortia should have been enhanced by the carbon limitation. The efficient colonization of non-soluble surfaces is the first step in the polymer biodegradation and the excretion of extracellular enzymes follows \[[@pone.0183984.ref018]\]. Bacteria should overcome the hydrophobicity of the polymer with surfactant production or the strains with hydrophobic surfaces are the first colonizers \[[@pone.0183984.ref019]\]. Microorganisms adhere to the polymer and the breakdown of the big chain to smaller molecules initiates due to physical, chemical or enzymatic processes.

Both consortia developed a dense matrix of material, similar to those visualized of biofilms in literature \[[@pone.0183984.ref046]\] on the weathered polymer surfaces, as being visualized by the scanning electron microscopy. The formation of biofilm was was consistently observable on inoculated films in all the treatments independently of the type of polymer and the extent of weight loss. In general, HDPE films are not very attractive substances to adhere to and most bacteria display dispersed patterns of colonization \[[@pone.0183984.ref042],[@pone.0183984.ref047]\]. The biofilm development was extensive in the first 30 days of incubation and no significant changes were further detected. Rapid biofilm formation was also noticed on polyethylene plastic food bags submersed in seawater \[[@pone.0183984.ref048]\]. A visible layer was developed on these bags already after one week exposure and kept increasing throughout the experiment. In ocean, immersed or buoyant plastics are susceptible to biofouling that leads to sinking and degradation \[[@pone.0183984.ref022],[@pone.0183984.ref049]\].

Plastic niche presents a floating habitat thus harbors a variety of microorganisms and few invertebrate taxa \[[@pone.0183984.ref050],[@pone.0183984.ref051]\]. Moreover, the plastic residents are metabolically active and distinct from the surrounding planktonic microbiota, comprising members of *Bryozoa*, *Cyanobacteria*, *Alphaproteobacteria*, and *Bacteroidetes* \[[@pone.0183984.ref052]\]. In this experiment, the planktonic bacterial community was not significantly different from the biofilm communities developed on PE surfaces. Members of Proteobacteria dominate all the bacterial assemblages while members of *Alphaproteobacteria* and *Gammaproteobacteria* are the most abundant classes in the biofilm samples.

It is difficult to identify the pioneer species and their role in the colonization process since the community composition alters within the first day \[[@pone.0183984.ref053]\] or over a longer period of time \[[@pone.0183984.ref054]\]. In accordance, monitoring of the microbial succession on weathered PE surfaces revealed a time dependent community structure, with shifts towards less diverse communities over months. During phase II where the degradation is more prominent, the well-developed biofilm communities differ significantly from the initial consortia, implying that an efficient microbial network has been developed on PE surfaces. Whereas, no significant difference was detected between the biofilm compositions of both treatments, underlying a convergence of the PE associated communities. These results imply that the substrate (weathered PE films) is responsible for shaping the biofilm bacterial community structure.

Significant increase in the abundance of specific bacterial genera such as *Bacillus* in the mature biofilm was observed, that has previously been associated with PE degradation \[[@pone.0183984.ref019],[@pone.0183984.ref020]\]. At the same time, species participating in hydrocarbon or natural polymers degradation have been enriched in the acclimated biofilm community. For example, the genus *Pseudonocardia* carries the gene responsible for encoding *AlkB*-rubredoxin fused proteins, which is one of the key enzymes in alkane degradation pathway in bacteria \[[@pone.0183984.ref055]\]. Interestingly, the concentration of genus *Cellulosimicrobium* comprising of hydrocarbon and cellulose degraders \[[@pone.0183984.ref056],[@pone.0183984.ref057]\] was only increased in the acclimated bioaugmented assemblages, where the highest weight reduction was recorded. Moreover, these two genera exhibit higher abundances in the bioaugmented community in accordance with the higher concentration of *alkB* gene. More specifically, it appears that *alkB* harboring bacteria are significantly stimulated within the bioaugmented biofilm population. The *alkB* gene encodes the alkane 1-monooxygenase and is considered one of the key participants in polyethylene degradation \[[@pone.0183984.ref019],[@pone.0183984.ref058]\].

Since successful colonization and population establishment does not verify polymer degradation \[[@pone.0183984.ref059]\], weight reduction, surface images, monitoring of chemical changes on the surface and changes in the molecular weight were obtained in order to evaluate the degradation accomplished by the consortia. The extent of weight reduction varied and depended on several factors such as the type of polymer and the degree of acclimatization of the microorganisms. For example, the consortia reduced more efficiently the mass of weathered LDPE films in comparison to weathered HDPE films, since more than 15% weight reduction was observed for the LDPE and 5% for the HDPE. In a similar experiment, more than 20% weight loss in starch-blended and approximately 15% weight loss in thermally treated LDPE films was accomplished by marine bacteria while only 7--9% weight loss was exhibited for the thermally treated HDPE films \[[@pone.0183984.ref021]\]. LDPE is a more branched polymer in comparison to HDPE, the intermolecular forces are weaker, the tensile strength as well as density are lower and hence, it is more susceptible to degradation \[[@pone.0183984.ref020]\].

Higher weight reduction was demonstrated in phase II when acclimated consortia were exploited. In particular, the bioaugmented community decreased 19% the PE mass at the end of phase II and 0.4% after the first 6 months of incubation in the phase I. Similarly, 4.4% and 0.3% mass loss was accomplished by the acclimated and non-acclimated indigenous marine community respectively. These results imply that the assimilation of weathered plastics by a previously exposed to them community overcomes the fragmentation to microplastics since HDPE films were found resistant to abiotic fragmentation when immersed in seawater after 6-months incubation \[[@pone.0183984.ref060]\]. Various results with respect to weight reduction have been reported until now \[[@pone.0183984.ref061]--[@pone.0183984.ref063]\]. Marine strains, affiliated to *Arthrobacter* sp. and *Pseudomonas* sp., were able to reduce 12% and 15% the HDPE respectively after 30 days incubation \[[@pone.0183984.ref064]\].

Microbial activity induces changes on the surface chemistry that can be elucidated with FTIR spectroscopy. In detail, a decrease or increase in the concentration of functional groups serve as indication of biological activity which is further enhanced in oxidised substrates \[[@pone.0183984.ref019]\]. Modification on the intensity of bands of HDPE films subjected to microbial activity was demonstrated \[[@pone.0183984.ref063]\]. In this experiment, several bands were detected on the surface of weathered plastic films in comparison to virgin ones. Interestingly, these bands were depleted and the chemical structure of the pieces at the end of phase II was similar to the profile of virgin polymers. We believe that microorganisms consumed the weathered part of the PE film and then as they reached the virgin molecules which are much more resistant to biodegradation their concentration decreased. Besides the presence of functional groups on the surface, crystallinity is an important parameter in monitoring PE biodegradation. In general, abiotic parameters increase crystallinity by degrading the amorphous regions \[[@pone.0183984.ref065]\] while similar effects have also been reported in case of biodegradation \[[@pone.0183984.ref020]\]. A progressive decrease in crystallinity has been observed in phase II, in accordance with other studies \[[@pone.0183984.ref021],[@pone.0183984.ref066]\]. Once microorganisms consume completely the amorphous regions of the polymer, they start to degrade the smaller crystals thus increasing the proportion of larger crystals \[[@pone.0183984.ref019],[@pone.0183984.ref020]\].

Alteration of the rheological properties and molecular mass distribution serve as an indicator of polymer biodegradation \[[@pone.0183984.ref020],[@pone.0183984.ref043]\]. However, the effect of microbial activity on the molecular weight of polyethylene is a controversial issue since many researchers demonstrate no change of the molecular weight while others observe decrease or increase \[[@pone.0183984.ref019]\]. For example, Hadad et al. \[[@pone.0183984.ref067]\] reported that the soil thermophilic *Brevibaccillus borstelensis* strain 707 decreased 34% the molecular weight of photo-oxidized PE after 90 days incubation. Whereas incubation with various microorganisms did not have a significant effect on molar mass of PE films \[[@pone.0183984.ref041]\]. In our experiments, the rheological results demonstrate that a shorter molecule with wider molecular mass distribution was produced after microbial attack.

Changes on the surface topography of the weathered polymer films further support the biodegradation hypothesis. Progressive erosion on the plastic substances was observed during the experiment; the longer the incubation period was the more fissures and cracks appeared. Alteration of the initial film surface due to microbial growth has been elucidated by many studies \[[@pone.0183984.ref019],[@pone.0183984.ref062],[@pone.0183984.ref068]\], where grooves and pits were detected superficially after polymers were subjected to biodegradation.

Unravelling the underlying mechanisms of plastic colonization and subsequently the role of platisphere community in PE degradation will help towards successful remediation strategies.

Conclusions {#sec024}
===========

It was demonstrated that tailored indigenous marine communities comprising of polymer and hydrocarbon degrader species have the potential to degrade naturally weathered PE films in the marine environment before they are turned into microplastics. The bacterial populations were able to develop a dense biofilm on the weathered PE surfaces and induced alterations on the surface topography and chemistry and on rheological properties along with the weight decrease of the samples. At the end of the phase II, it appears that the developed consortium has depleted most of the weathered polymer as confirmed by FTIR spectra and the remaining PE film is lightly or not at all weathered as its FTIR spectrum is very similar to the virgin PE spectrum.

Supporting information {#sec025}
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###### Qualitative explanation of intersection movement.

Correlation between the molar mass distribution (MMD) and the viscoelastic behavior of the polymer.

(TIF)

###### 

Click here for additional data file.

###### SEM analysis.

SEM image of PE films exposed to abiotic treatment at the end of phase I.

(TIF)

###### 

Click here for additional data file.

###### FTIR spectra.

A\) Spectra of HPDE samples and B) spectra of virgin LDPE and HDPE films.

(TIF)

###### 

Click here for additional data file.

###### Biomarkers.

Abundances of biomarkers (enriched OTUs) in acclimated biofilm communities (INDG: Kruskal-Wallis and Wilcoxon rank-sum p\<0.05 and LDA score \>4 & BIOG: Kruskal-Wallis and Wilcoxon rank-sum p\<0.05 and LDA score \>3).

(TIF)

###### 

Click here for additional data file.
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